Over the past 20 years, high-penetrance pathogenic mutations in genes BRCA1, BRCA2, TP53, PTEN, STK11 and CDH1 and moderate-penetrance mutations in genes CHEK2, ATM, BRIP1, PALB2, RAD51C, RAD50 and NBN have been identified for breast cancer. In this study, we investigated whether there are additional variants in these 13 genes associated with breast cancer among women of Asian ancestry. We analyzed up to 654 single nucleotide polymorphisms (SNPs) from 6269 cases and 6624 controls of Asian descent included in the Breast Cancer Association Consortium (BCAC), and up to 236 SNPs from 512 | Carcinogenesis, 2017, Vol. 38, No. 5 5794 cases and 5529 controls included in the Shanghai Breast Cancer Genetics Study (SBCGS). We found three missense variants with minor allele frequency (MAF) <0.05: rs80358978 (Gly2508Ser), rs80359065 (Lys2729Asn) and rs11571653 (Met784Val) in the BRCA2 gene, showing statistically significant associations with breast cancer risk, with P-values of 1.2 × 10 -4 , 1.0 × 10 -3 and 5.0 × 10 -3 , respectively. In addition, we found four low-frequency variants (rs8176085, rs799923, rs8176173 and rs8176258) in the BRCA1 gene, one common variant in the CHEK2 gene (rs9620817), and one common variant in the PALB2 gene (rs13330119) associated with breast cancer risk at P < 0.01. Our study identified several new risk variants in BRCA1, BRCA2, CHEK2, and PALB2 genes in relation to breast cancer risk in Asian women. These results provide further insights that, in addition to the high/moderate penetrance mutations, other low-penetrance variants in these genes may also contribute to breast cancer risk.
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Introduction
Breast cancer is the most common invasive cancer in females worldwide and in Asian countries (1) . Over the past 20 years, high-penetrance pathogenic mutations for breast cancer were identified in the genes BRCA1, BRCA2, TP53, PTEN, STK11 and CDH1 and moderate-penetrance mutations in the genes CHEK2, ATM, BRIP1, PALB2, RAD51C, RAD50 and NBN (2) (3) (4) (5) . Most of these germline mutations were discovered in women of European ancestry. Pathogenic mutations in the BRCA1 and BRCA2 genes are associated with a 10-to 20-fold increased risk of breast cancer, which corresponds to a cumulative risk of 55-65% of developing breast cancer by age 70 years for BRCA1 mutation carriers and 45-47% for BRCA2 mutation carriers (6, 7) . Mutations in the TP53 gene are associated with at least a 10-fold increased risk of breast cancer and account for 2-7% of early-onset breast cancer (8, 9) . It has been recently revealed that female PTEN mutation carriers have an 85% lifetime risk of developing breast cancer with 50% penetrance by age 50 years (10) , and these findings were subsequently confirmed by two other groups (11, 12) . It is estimated that the cumulative risk of breast cancer by age 70 years is approximately 14% for women who carry CHEK2 1100delC A metaanalysis, based on 29 154 cases and 37 064 controls from 25 case-control studies, reported a significant association between CHEK2 1100delC heterozygotes and breast cancer risk with an odds ratio (OR) of 2.75 and a 95% confidence interval (CI) of 2.25-3.36 (13, 14) . Similarly, the approximate risk of breast cancer is 15% for those who have ATM mutations (15) . It is estimated that the eight confirmed high and moderatepenetrance genes (BRCA1, BRCA2, PTEN, TP53, CHEK2, ATM, BRIP1 and PALP2) explain approximately 20% of the familial risk of breast cancer (3) .
Most of these studies were conducted in women of European ancestry (3). It is possible that the risk and the proportion of familial risk explained by these genes, as well as the mutation landscape of these genes, differ by study population. Previous studies of high and moderate-penetrance genes conducted in Asian populations were limited by a small sample size, as only a few of the studies had a sample size of over 1000 cases (16) (17) (18) . In this study, we combined our data from the Shanghai Breast Cancer Genetic Study (SBCGS) and from the Breast Cancer Association Consortium (BCAC) to investigate whether there are additional variants in the 13 high and moderate-penetrance genes associated with breast cancer in women of Asian ancestry.
Materials and methods

Study populations
Data from the BCAC and the SBCGS were included in this study. The BCAC, a large collaborative study, includes a total of 12 893 Asian women (6269 cases and 6624 controls) from nine studies including samples from the SBCGS. The nine studies were composed of seven hospital-based studies (Asia Cancer Program, Hospital-based Epidemiologic Research Program at Aichi Cancer Center, Malaysian Breast Cancer Genetic Study, Seoul Breast Cancer Study, Singapore Breast Cancer Cohort, IARC -Thai Breast Cancer Study and Taiwanese Breast Cancer Study), and two population-based studies [Los Angeles County Asian-American Breast Cancer Case-Control Study and Shanghai Breast Cancer Genetic Study (SBCGS)]. Details of the study protocol for the BCAC are described elsewhere (19) (20) (21) . Study participants were recruited following protocols approved by the Institutional Review Board at each institution and all subjects provided written informed consent. All participating BCAC studies are described in detail in Supplementary Table 1, available at Carcinogenesis Online.
The SBCGS includes four population-based studies conducted among Chinese women in urban Shanghai: the Shanghai Breast Cancer Study (22, 23) , the Shanghai Breast Cancer Survival Study (24) , the Shanghai Endometrial Cancer Study (including controls only for the present study) (25) and the Shanghai Women's Health Study (26) . Details of the SBCGS studies have been described previously (22, 24) . All participants provided written informed consent, and institutional review boards of all institutes in both China and the United States approved the study protocols. In this study, the SBCGS data includes samples from a total of 4866 women (2731 cases and 2135 controls) that were genotyped through genome-wide association studies (GWAS) (referred to in this paper as SBCGS-GWAS) and samples from 11 470 women (5767 cases and 5703 controls) that were genotyped with the Exome array (referred to in this paper as SBCGSexomechip). Samples that overlapped between studies were removed so that individual genetic data were used only once in the meta-analysis. After eliminating overlapping samples, our final dataset of the Exome array includes 6457 samples (3063 cases and 3394 controls). There were no overlapping samples between BCAC and SBCGS-GWAS samples.
Genotyping and sample quality control
In the BCAC, 12 893 Asian samples were genotyped using the custom Illumina Infinium array (iCOGS) with 211 155 SNPs included. Details of the genotyping and quality control measures for the BCAC are described elsewhere (19, 27) . In brief, SNPs on this array were primarily selected to replicate the results of the GWAS of five cancer sites, including breast. Genetic variants available through iCOGS genotyping in the BRCA1 (chr17: 41, 196 In the SBCGS-GWAS, 4866 samples were genotyped using Affymetrix Genome-Wide Human SNP Array 6.0. Detailed genotyping information has been previously described (22) . In the SBCGS-exomechip, 6457 samples were genotyped using the Asian Exomechip, an expanded Illumina HumanExome-12v1_A Beadchip. In order to improve the coverage for the low frequency variants in Asian populations, we added additional customer content variants onto the Illumina HumanExome12v1_A Beadchip. The original Exome array included 247 870 markers focused on protein-altering variants selected from sequencing data in >12 000 subjects, mostly from European-ancestry populations. In the Asian Exomechip, the additional variants were primarily selected from exome sequencing in 581 Chinese women from SBCS, exome sequencing in 496 Singapore Chinese and Asian data in the 1000 Genomes Project. We added nonsynonymous, splicing and stop-altering variants observed two or more times in any of these datasets or if we observed one in any two of the three datasets. The genotyping protocol and array design using the Asian Exomechip has been described previously (28) (29) (30) .
Statistical analyses
Differences of study characteristics between cases and controls in each study were compared using a Wilcoxon rank sum test (continuous variables) or χ 2 test (categorical variables). An association analysis between single variants and breast cancer risk was conducted using ORs and 95% CIs derived from logistic regression models. The association between each variant and breast cancer was established using an additive genetic model estimating the OR of the BC per increase in effect allele. Analyses were adjusted for age, study site and the top two principal components (PCs) for the BCAC (19) , and age and the top five PCs for the SBCGS (22, 29) . Additional adjustment for other potential confounders did not change the results materially. Meta-analyses of single variant results were conducted using the fixed-effect inverse variance method to combine the β estimates and standard errors from each dataset (BCAC, SBCGS-GWAS and SBCGS exomechip). Stratified analysis by estrogen receptor (ER) status was carried out. Cochran's Q test assessed heterogeneity across studies and ER status. Each SNP was annotated using ANNOVAR (31) and LOFTEE (32) . We used the SIFT algorithm (33), PROVEAN (34) and PolyPhen-2 (35) to predict the possible impact of an amino acid substitution on protein function and structure. For SBCGS-GWAS, imputation was performed using SHAPEIT to derive phased genotypes and Minimac2 to perform imputation on the phased data (36, 37) . The 1000 Genome Project phase 3 was used as the reference data for imputation (http://www.1000genomes.org/), and SNPs with high imputation quality (RSQR ≥ 0.8) were included in the analysis. Dosage data with imputation accuracy taken into consideration from SBCGS-GWAS were used in the present study.
Results
Selected characteristics of the study population are shown in Table 1 . Patients included in BCAC were more likely to be ER positive, progesterone receptor positive, and human epidermal growth factor receptor 2 positive than SBCGS patients. Breast cancer patients have a higher BMI, more first-degree relatives with breast cancer, and earlier menarche than controls (Supplementary Table 2 , available at Carcinogenesis Online).
For high-penetrance genes (BRCA1, BRCA2, TP53, PTEN, STK11 and CDH1), 353 variants in the BCAC dataset, 92 variants in SBCGS-GWAS and 46 variants in SBCGS-exomechip were included in the current analysis. We found that common variants (MAF ≥ 0.05), rs9620817 in the CHEK2 gene and rs13330119 in the PALB2 gene, were associated with breast cancer at P < 0.01 in the combined BCAC and SBCGS dataset of 9000 cases and 8758 controls ( Table 2 ). The ORs (95% CI) for those common SNPs were 0.90 (0.83-0.96) for rs9620817, (P = 0.002) and 1.07 (1.02-1.13) for rs13330119, (P = 0.008).
For low-frequency SNPs with MAF < 0.05 in the combined BCAC and SBCGS dataset, three missense SNPs in the BRCA2 gene (rs80358978, rs80359065 and rs11571653) were associated with breast cancer risk at P < 0.01 (Table 3) . We found a novel missense variant, rs80359065 (Lys2729Asn) in the BRCA2 gene, that was significantly associated with breast cancer risk with OR (95% CI) of 1.35 (1.13-1.63) and P = 0.001. Another missense variant, rs80358978 (Gly2508Ser) in the BRCA2 gene, was associated with breast cancer risk with OR (95% CI) of 3.02 (1.69-5.39) and P = 1.23 × 10 -4 . In addition, we found one more missense variant, rs11571653 (Met784Val) in the BRCA2 gene, that was significantly associated with breast cancer risk with OR (95% CI) of 0.77 (0.65-0.92), (P = 0.005). None of the tests for heterogeneity gave statistically significant results (P for heterogeneity > 0.05).
Among BCAC study participants, we identified 10 lowfrequency SNPs (MAF < 0.02) in three high-penetrance genes (BRCA1, BRCA2 and PTEN) and one moderate-penetrance gene (RAD51C) at P < 0.05 (Table 3) . Results included six SNPs in the BRCA1 gene (rs8176085, rs799923, rs8176173, rs8176258, rs8176305 and rs273898669), two SNPs in the BRCA2 gene (rs28897700 and rs11571789), two SNPs in the PTEN gene (rs1234218 and rs3781195) and one SNP in the RAD51C gene (rs17175543). These SNPs were associated (P < 0.05) with breast cancer risk; the SNP rs8176085 in the BRCA1 gene showed the strongest association (P = 3.33 × 10 -6 ). This SNP was observed in 26 cases and in only one control. These rare SNPs were either intronic or synonymous SNPs, and they were not genotyped in the SBCGS data. No significant associations were observed for the other five high/moderate penetrance genes (TP53, ATM, BRIP1, RAD50 and STK11).
When stratified by ER status, 5 SNPs (rs9620817, rs420259, rs249954, rs8176085, rs11571653) showed a stronger association for ER-positive breast cancer than ER-negative breast cancer according to association P value (P < 0.05), and the difference was statistically significant (P for heterogeneity < 0.05) (Supplementary Table 3 , available at Carcinogenesis Online). In addition, two SNPs (rs80358978, rs80359065) showed a stronger association for ER-negative breast cancer than ER-positive breast cancer according to association p-value (P < 0.05). The difference was statistically significant (P for heterogeneity < 0.05) for these two SNPs (Supplementary Table 3 , available at Carcinogenesis Online). We investigated the association of our identified SNPs with breast cancer risk in women of European ancestry using data from the DRIVE GAME-ON Consortium (38) , consisting of 122 977 cases and 105 974 controls from 11 breast cancer GWAS. SNP rs9620817 with MAF > 0.05 showed a significant association with breast cancer risk in women of European ancestry at P =8.08 × 10 -12 . The OR (95% CI) for the association was 0.93 (0.91-0.95), consistent with the association observed in the East Asian population with OR (95% CI) being 0.90 (0.83-0.96).
Discussion
In this study, we investigated associations between genetic variants in 13 high or moderate-penetrance genes (BRCA1, BRCA2, TP53, PTEN, STK11, CDH1, CHEK2, ATM, BRIP1, PALB2, RAD51C, RAD50 and NBN) and breast cancer risk in 6269 cases and 6624 controls from BCAC Asian women (up to 654 SNPs) and 5794 cases and 5529 controls from SBCGS Chinese women (up to 236 SNPs). Our study identified several new risk variants in BRCA1, BRCA2, CHEK2 and PALB2 genes in relation to breast cancer risk in Asian women at P < 0.01. Six low-frequency variants (MAF < 0.01) in the BRCA1 gene showed associations with breast cancer risk among the BCAC data, although these six BRCA1 SNPs were not genotyped in SBCGS data. These low-frequency variants are not in linkage disequilibrium with each other (r 2 < 0.1). SNP rs8176085 showed the strongest evidence of association with an approximately 27-fold increased risk of breast cancer with P = 3.33 × 10 -6 . These six low-frequency variants are located in intron regions with no obvious functional effect, so further research is needed to determine whether the association with these variants may be due to their correlation with high risk variants in the coding region. For combined BCAC and SBCGS data, we found three missense variants in the BRCA2 gene which showed significant associations with breast cancer risk: rs80359065 (Lys2729Asn), rs80358978 (Gly2508Ser) and rs11571653 (Met784Val).
A novel missense variant, rs80359065 (Lys2729Asn), was associated with a 35% increase in breast cancer risk (95% CI: 1.13-1.63; P = 0.001). It was located 35 kb upstream from the GWAS SNP rs11571833 (Lys3326Ter) in the BRCA2 gene that introduces OR (95% CI) was adjusted for study site (BCAC only), age and PCs. e P value in each study obtained from logistic regression analysis. Meta-analysis P-value derived from a weighted z statistic-based meta-analysis. a premature stop codon (19) . Several BRCA2 polymorphisms have been studied for their association with breast cancer risk; however, until now, no studies have found an association with rs80359065 (Lys2729Asn) in the BRCA2 gene (28, (39) (40) (41) (42) (43) . This variant was observed in 93 heterozygous breast cancer cases and 82 heterozygous controls in the SBCGS, and 162 heterozygous breast cancer cases and 128 heterozygous controls in the BCAC. Although the clinical importance of this variant for breast cancer is unknown, this SNP may be functionally important since it is predicted to be 'probably damaging' based on the Polyphen-2 score (0.9) and 'probably damaging' based on the SIFT score (0.001).
A missense variant, rs80358978 (Gly2508Ser), was previously reported by our group to be associated with increased risk of breast cancer in Chinese women (28) . As our sample size increased dramatically in the current study compared with the previous report (28), we have more power to detect this SNP, which is located 42 kb upstream from the GWAS SNP rs11571833 in the BRCA2 gene (19) . This variant was observed in 10 heterozygous breast cancer cases and two heterozygous controls in the SBCGS, and 31 heterozygous breast cancer cases and 12 heterozygous controls in the BCAC. A sensitivity analysis for this SNP by excluding data presented in the previous analyses (28) showed a consistent significant association. This variant was predicted to be functionally important since the Polyphen-2 score was 1.0 ('probably damaging') and the SIFT score was 0 ('damaging'). However, the PROVEAN prediction score (−1.80) predicted this variant as 'neutral'.
A missense variant, rs11571653 (Met784Val), was previously associated with an approximately 2-fold increased risk of breast cancer among a Japanese population [OR (95% CI) =2.03 (1.07-3.87)] with heterozygotes in 21% of cases and 13% of controls (39) . In our study, we found that this SNP was associated with a 23% decreased risk of breast cancer in women of Asian ancestry. The inconsistent directions in association in these two studies could be due to sample size differences. Ishitobi et al. (39) . used 149 cases and 154 controls, and our study included 5794 cases and 5529 controls from the SBCGS and an additional 6269 cases and 6624 controls from the BCAC. This variant was predicted to be functionally not important with a PROVEAN score of 1.09, a Polyphen-2 score of 0, and a SIFT score of 1.0. Although the exact functional significance of this SNP is unknown, several biological studies have suggested that this SNP is associated with breast cancer risk in populations of different ethnic origins (41, 44, 45) . Thus, our findings are biologically plausible and provide functional implications.
Among the 11 common variants that showed an association with breast cancer risk in the combined datasets, we found two variants, rs9620817 in the CHEK2 gene, and rs13330119 in the PALB2 gene, with P < 0.01. These variants are not in linkage disequilibrium with each other and other GWAS-identified breast cancer risk variants (r 2 < 0.1). SNP rs13330119 was previously identified as a breast cancer risk-associated SNP in a female Chinese population by Chen et al. (46) .
We also investigated the genetic relationship between the individuals via pair-wise identity-by-descent (IBD) and did not find any cryptic relatedness among carriers of the rare variants identified from the present study. We also checked the NCBI clinvar database (https://www.ncbi.nlm.nih.gov/clinvar/). We did not find any pathological mutation linked to the rare variants identified in the present study.
It will be ideal to do deep sequencing of subjects carrying the most interesting variants. This is one of the limitations of our study that we do not have full coverage of coding regions for rare-variant analysis. Our study has a total of 12 063 cases and 12 153 controls. To our knowledge, this is the largest Asian study to examine these 13 high or moderate-penetrance genes and breast cancer risk. However, statistical power is still very limited for rare variants. In this study, a total of 654 variants were included. Bonferroni correction will result in an association significance level of 7.7 × 10 -5 (=0.05/654). After adjusting for multiple comparisons, most of our results became insignificant except for SNP rs8176085 in BRCA1 gene. However, among the 654 variants, 411 were rare variants with MAF < 0.01, and 359 were extremely rare with MAF < 0.0005. As discussed in the article (47), one of the major challenges in rare variants study is very low statistical power. Even among a relative large study like ours, there is only 3.1% power to detect a variant with MAF = 0.01 and OR = 1.2 at a significance level of P = 7.7 × 10 -5
. Therefore, in this study, a majority of the rare SNPs cannot be fully investigated due to very limited power. Further independent studies with larger sample size will be helpful to validate the findings from this study.
In conclusion, our study identified several risk variants in BRCA1, BRCA2, CHEK2 and PALB2 genes in relation to breast cancer risk in Asian women. Most importantly, we have shown an increased risk of breast cancer for Asian women with a newly identified missense variant rs80359065 (Lys2729Asn) in the BRCA2 gene. Results from this study provide additional insights into the effects of genes that carry high/moderate penetrance mutations on breast cancer risk in Asian women.
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